1988) from the regional seismic survey by NOPEC/Geco-Prakla, regional geological data and well log data. The depositional history, structural geology and hydrodynamic evolution of the northern Broad Fourteens Basin are described, based on literature data and the constructed cross-section. The lithology, porosity, permeability, permeability anisotropy and (pre-erosional) thicknesses of stratigraphic units were derived from literature, well-logs, profile reconstruction and quantitative estimates. A Late Cretaceous topography was reconstructed, based on an uplift / denudation model. A Late Cretaceous basin geometry was reconstructed to study the possible extension of topography-driven meteoric water infiltration during the Late Cretaceous inversion phase. Infiltration was calculated with a basin-scale numerical model of density-dependent fluid flow, using the modelling package MOCDENS3D (Oude Essink, 1999 , 2001 .
Several scenarios were simulated with variations in basin-scale permeabilities ( Fig. 4 and Table 1 ) and water table head, within the range of most likely values. The model was constructed to assess whether a freshwater lens was developed during inversion, and if so at which depth the steady-state fresh/salt water interface was located. Another issue of interest is the extent of the freshwater lens in the basin centre, as it may have reached and subroded (post-burial dissolved) uplifted Zechstein evaporites.
Geological setting
The Broad Fourteens Basin has undergone a complex geological evolution, which includes a Late Triassic to Jurassic rifting stage and a Late Cretaceous inversion event. Before basin development, a section of pre-rift Late Permian and Triassic strata with fairly uniform thickness was deposited in the future Broad Fourteens area (Fig. 2 ). In the Late Triassic and Jurassic, syn-rift siliciclastic sediments (that thicken basinward) were laid down. During the Late Kimmerian I phase in the Late Jurassic, erosion of the platform areas and locally minor erosion of the basin area occurred. The Late Kimmerian II erosional phase is significantly more important at the north-east platform than at the south-west platform in the study area. Large amounts of basin sediments were eroded during the Late Kimmerian II phase. After basin development and these erosional phases, post-rift Early Cretaceous sediments with uniform thickness covered both the former basin and platform areas. In the Late Cretaceous a thick interval of chalk of the Ommelanden Fm. was deposited on the platform areas flanking the Broad Fourteens area. A thin section of Ommelanden chalk may have accumulated in the centre of the Broad Fourteens area, prior to Late Cretaceous inversion. After this inversion, a thin layer of chalk of the Paleocene Ekofisk Fm. was deposited, most likely on both platform and former basin areas, followed by erosion in the basin centre and sedimentation of a thick layer of Tertiary to recent siliciclastics (Fig. 2) . Below, we describe the lithology and depositional history of the Broad Fourteens Basin area from Carboniferous to recent times in more detail. During the Silesian Late Variscan phase, an estimated 700-1,400 m of erosion of the Carboniferous Limburg Group occurred in the future Broad Fourteens area, and up to 600 m of erosion of the platform areas (Bouw, 1999) . After this phase, about 200-340 m of Upper Rotliegend aeolian and fluvial sandstones and playa lake claystones were deposited (Fig. 3) . The Upper Rotliegend sandstones have present-day porosity of about 10-15% and permeability of about 1·10 -6 m/s (Roos & Smits, 1983; Beekman et al., A'
A Fig. 1 . Location of the Broad Fourteens Basin, Netherlands offshore (after Van Adrichem Boogaert & Kouwe, 1993 -1997 . A-A' indicates the location of the geological cross-section.
1989). At present these Rotliegend sandstones show a number of gas accumulations along the studied crosssection (Bouw, 1999) . A marine transgression followed, and in a restricted marine setting 350 to 950 m of Zechstein evaporites were deposited. The highest sedimentation rates during the Carboniferous to recent history of the northern Broad Fourteens Basin occurred during deposition of the Zechstein Z2 (Remmelts, 1996) . In the Triassic a sequence of claystones, sandstones, and evaporites with uniform thickness was laid down. The sandstone members of the Triassic Main Buntsandstein Subgroup have a present-day porosity of about 10% and permeability of 1·10 -8 to 5·10
-7 m/s (Roos & Smits, 1983; Dronkers & Mrozek, 1991; Purvis & Okkerman, 1996; Spain & Conrad, 1997) . At the end of the Triassic and during the Jurassic, the Mesozoic Broad Fourteens Basin was formed by rifting and deposition of claystones of the Altena Group. The Late Kimmerian I phase in the Late Jurassic resulted in the erosion of about 700 m of the top of the Altena Group at the platform areas, and only local erosion of minor amounts of basin sediments. Most salt structures started to form diapirs during the Late Kimmerian I phase (Remmelts, 1996) . Most likely, the Late Jurassic Breeveertien Fm. of the Schieland Group has been deposited with considerable thickness in the basin centre, but subsequently it was almost completely eroded during the Late Kimmerian II phase. Remnants of this formation are found at the north-east gradual transition from basin to platform area. The Late Kimmerian II phase, represented by the base Vlieland Claystone Fm. unconformity, induced more than 600 m of erosion of the basin fill, along the studied cross-section (Bouw, 1999) . At the same time significantly more erosion occurred at the north-east platform area than at the south-west platform area, with estimated erosional thicknesses of more than 1,000 m and about 450 m, respectively. In contrast to the southern Broad Fourteens Basin, the Early Cretaceous Vlieland Sandstone Fm. was not deposited in the northern Broad Fourteens Basin. During the Valanginian, the marginal highs, the Winterton High and Texel-IJsselmeer
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Netherlands Journal of Geosciences / Geologie en Mijnbouw 82 (1) 2003   8400  8500  8600  8700  8800  8900  10000 10100  10200  10300  10400  10500 10600  11700  11800  11900  12000  12100  12200  12300  12400  12500  12600  12700  12800  12900  13000  13100  13400  13200  13300  13500  13600 13700   K16-04  K16-01  K14-03  K15FC101/  K15-06  K15-03  L10-18  L10-02  L10-06   L10-B01  +L10-01 L10-17  L10-10 L10-K01-SI L07-06   Shot  Point  K14- 0  10  20  30  40  50  60  70  80  90 97.5 Fig. 3 . Geological cross-section of the northern Broad Fourteens Basin, after seismic section SNST 83-04 and well-log data (Bouw, 1999) . Location of cross-section is indicated in Fig. 1 . High ( Fig. 1) , were uplifted, and the Upper Rotliegend Group was exposed on these highs. During the Late Cretaceous 500 to 1,300 m of pelagic carbonates of the Ommelanden Fm. were deposited on the platform areas, along the cross-section (Bouw, 1999) . It seems that only about 100 m of Ommelanden chalk accumulated in the basin centre, prior to inversion. This can be deduced from the thickness of chalk on the south-west platform before it shows inversion-related marly and sandy intercalations, assuming a uniform pre-inversion thickness distribution in the area. Present-day thickness of the Ommelanden Fm. is far from uniform, due to effects of salt tectonics and basin inversion. The Cretaceous Ommelanden Fm. consists of mainly chalk with locally minor amounts of marl and sand. Present-day porosity of the chalk is 10-30% at a depth of 1,000 m; present-day permeability is generally low, about 1·10 -7 m/s (Price, 1987) , but locally where fractured it can be very high, up to 1·10 -5 m/s (Remmelts, 1996) . Shortly after deposition, the nanno ooze (which by diagenesis is transformed into pelagic chalk at a depth of 150 -300 m) had porosities of 70-80%, as based on a general porosity-depth relationship for pelagic chalk (Einsele, 1992) . The Broad Fourteens Basin was inverted at the end of the Late Cretaceous and about 1,300 m (in the northern Broad Fourteens Basin, based on reconstruction) to 3,000 m (in the basin centre, after Huyghe & Mugnier, 1994; Nalpas et al., 1995) teens area. Growth of salt structures was enhanced during inversion (Remmelts, 1996) and this is represented by large thickness variations in the Ommelanden chalk at the north-east platform area. Inversion took place in five to seven pulses within about 20 My (seismic section, Huyghe & Mugnier, 1994) . These pulses are represented by erosional unconformities in the Ommelanden Fm. at the basin margins, where about 300 to 500 m of chalk was eroded. After peneplanation of the Broad Fourteens area, subsidence of the North Sea Basin took place in the Tertiary and Quaternary, with only minor erosion. The Pyrenean uplift phase, which is represented by the base Middle North Sea Group unconformity, led to minor erosion of about 0 to 200 m in the northern Broad Fourteens area (Bouw, 1999) , whereas more pronounced erosion of about 400 to 500 m occurred in the southern Broad Fourteens area (Nalpas et al., 1996) . Salt movements were accelerated during this phase (Remmelts, 1996) . During the Tertiary and Quaternary, a thick succession of claystones was deposited (about 500 m in the south-west and 1,300 m in the north-east along the cross-section) and about 300 m of sand was laid down at the top of the coarsening upward Quaternary strata (Fig. 3) . Sedimentation rates during the Quaternary, about 170-200 m/My, were ten times higher than sedimentation rates in the Tertiary.
Legend to Figs

Hydrogeological setting
The hydrogeological setting of the northern Broad Fourteens Basin includes a description of (paleo-)hydrogeological characteristics of lithostratigraphic units, composition of interstitial fluids and a description of basin-scale geological structures that influence fluid flow, including an estimated paleotopography. These hydrogeological data were used to construct our model scenarios for fluid flow during Late Cretaceous inversion. In addition, we give a brief overview of meteoric water infiltration phases in the northern Broad Fourteens area.
Present-day hydrogeological characteristics of lithostratigraphic units
For this study, the lithostratigraphic units of the northern Broad Fourteens Basin area have been assigned a basin-scale lithology based on well-log data (Bouw, 1999) . For modelling purposes, lithostratigraphic units were grouped into hydrogeological units, with common lithology, porosity and permeability (see Table 1 ). For abbreviations of units, see the legend to Figs 2, 3 & 4. Below we discuss general hydrogeological characteristics of lithostratigraphic units and classification of lithostratigraphic units into hydrostratigraphic units (aquifer versus aquitard, and dual character i.e. locally an aquifer and regionally an aquitard), based on lithology, porosity and permeability data derived from Bouw (1999) .
At present, important aquifers are the Upper Rotliegend Group, the Main Buntsandstein Subgroup, and the Quaternary sands. The Upper Rotliegend Group and the Main Buntsandstein Subgroup are expected to have had similar or even higher permeabilities shortly after deposition and during inversion. Important aquitards are the Zechstein Group that increases in thickness towards the north-east platform, the Lower Buntsandstein Fm. and Upper Germanic Trias Group, the Altena Group (except for the upper part of the Altena Group that contains an increasing sand percentage), the Lower, Middle and Upper North Sea Groups (except for the upper part of the Upper North Sea Group, since the Quaternary strata are coarsening upward and contain about 300 m of sand at the top). The Breeveertien Fm. of the Late Jurassic -Early Cretaceous Schieland Group contains sandlenses, although the dominant lithology is claystone. The Breeveertien Fm. is therefore expected to have a large anisotropy: vertically it is an aquitard, horizontally it may be a low quality aquifer.
The Chalk Group displays a dual character with respect to fluid flow. On a regional scale, the Chalk Group can be regarded as an aquitard with low matrix permeability, because of small pores and pore throats in the chalk (Price, 1987) , and later reduction of permeability by diagenesis. Locally it is an aquifer, namely where the chalk is fractured, for example at the north-east platform above salt domes and salt diapirs. In horizontal sense it is locally an aquifer at the south-west platform where a wedge of sandy layers is present within the chalk. Before the chalk-limestone transition at a depth up to about 500-1,000 m, the Chalk Group may have been a regional aquifer with much higher porosity and permeability than at present-day. Also during inversion the Chalk Group may have been an aquifer due to fracturing and karstification at the exposed surface. On the other hand, chalk undergoes rapid lithification when exposed to freshwater circulation (Einsele, 1992) , which may have occurred during inversion.
Present-day salinity of interstitial fluids
Interstitial fluid salinities vary greatly in the North Sea area, but reach in general highest values in the southern and central North Sea where they can exceed halite saturation values, namely 250,000 ppm (Warren & Smalley, 1993) . The distribution and diapirism of Zechstein salts mainly control the salinity distribution in the southern North Sea. The highest salinity distribution closely follows the distribution of the Zechstein Z3 polyhalite (Warren & Smalley, 1993) . In the southern North Sea, a pronounced salinity increase is found in the 500 m of sediments just above the evaporites, where salinities approach halite saturation values (Bjørlykke & Gran, 1994) . In the northern North Sea area, where underlying evaporites and salt diapirs are absent, salinities do not increase with depth. However, in areas where salt diapirs and underlying evaporites are present, for example the Central Graben area, wide ranges in salinities can be found at the same depth, and a trend towards higher salinities with increasing depth can be seen (Bjørlykke & Gran, 1994) . In the Central Graben, the salinity is up to 300,000 ppm NaCl equivalent at 3,000 m depth. The salinity distribution in the Broad Fourteens area is expected to be analogous to other areas where salt diapirs and underlying evaporites are present. In the Broad Fourteens area, we expect a scatter in salinities due to salt diapirism and a trend to increasing salinities with depth, with salinities approaching halite saturation in the 500 m of section closest to the evaporites.
In the northern Broad Fourteens Basin, presentday fluid resistivity is 0-0.1 Ωm, corresponding to total dissolved solids (TDS) of equal to or greater than 100,000 ppm. In comparison, present-day fluid resistivity in the southern Broad Fourteens Basin is 0.1 -0.3 Ωm, corresponding to TDS equal to 30,000 -100,000 ppm. A clear distinction is visible between areas where (thick) Zechstein evaporites are present and areas where Zechstein evaporites are absent. The indicated values for northern and southern Broad Fourteens Basin are for the combined resistivity values of the Paleocene, Middle Jurassic and Rotliegend interstitial fluids, after Warren & Smalley (1993) .
Both the Zechstein Group and Upper Germanic Trias Group are expected to highly influence the fluid composition in the northern Broad Fourteens Basin by dissolution of evaporites, and subsequent diffusion and density-driven flow of saline fluids.The Zechstein Group may not only have increased the salinity of interstitial fluids in the northern Broad Fourteens Basin within 500 m above the top of the Zechstein evaporites, but it may also have increased the salinity of fluids in strata below the Zechstein evaporites: the Upper Rotliegend Group and possibly the top of the Limburg Group. Fluid salinities and densities within the Zechstein Group itself may be very high. Sullivan and co-workers (1994) 
Basin-scale geological structures that influence fluid flow
The Broad Fourteens Basin is an approximately 45 km wide, asymmetric basin. The south-west edge of the Broad Fourteens Basin is formed by a major graben boundary fault. In the north-east exists a gradual transition between basin and platform (Fig.  3) . The asymmetrical character of the basin will influence fluid flow on a basin-scale. Apart from the asymmetrical character of the basin perpendicular to the basin axis, the Broad Fourteens Basin shows important lateral variation along the basin axis. Since this study is based on a 2D section, the 3D-variation is not discussed in detail. For more details about 3D variation in Zechstein evaporite distribution and structural elements, we refer to the work of co-authors (1995, 1996) who present a 3D seismic study of the northern Broad Fourteens Basin. The Zechstein Group is a very important aquitard and it highly influences the fluid composition of the northern Broad Fourteens Basin due to dissolution of Zechstein evaporites. It is also expected to influence fluid flow direction, due to its diapirism, its low permeability and due to the higher densities of saline fluids. The thickness of the Zechstein Group, and therefore the influence of the Zechstein Group on fluid flow, both by aquitard behaviour and by density-driven flow of saline fluids, increases towards the northern part of the Broad Fourteens area.
The following structures are expected to have a pronounced influence on fluid flow in the study area.
-The most likely sealing graben fault that forms the south-west boundary of the northern Broad Fourteens Basin, which can be seen around Shot Point 8,700 of seismic section SNST 83-04 (Fig. 3) . Its present-day sealing character is inferred from the smearing of Zechstein evaporites along the fault plane. The fault is expected to have influenced fluid flow direction throughout basin evolution, but its permeability may have changed significantly during basin evolution. -The inverted basin centre where the Zechstein Group is uplifted above its regional level, around Shot Point 11,700 (Fig. 3) . The uplifted Zechstein will generate thermohaline flow of saline fluids towards adjacent parts of the basin. -The Zechstein diapirs along the cross-section, namely the north-south trending and about 35 km long diapir at Shot Point 13,000 (Fig. 3) , and the north-west south-east trending and about 20 km long diapir at Shot Point 13,400 (Fig. 3) . These diapirs will influence fluid flow direction and salinities in surrounding strata and they will generate thermohaline flow. -A number of major basement faults, with displacements sometimes exceeding the thickness of the Upper Rotliegend Group, which is about 200-340 m. These faults juxtapose the Upper Rotliegend Group against the Zechstein Group. Faults with displacement exceeding half the thickness of the Upper Rotliegend Group have over 80% chance of sealing (Knott, 1993) . At least thirteen faults with > 80% chance of sealing, are encountered in the Upper Rotliegend within the 90 km long cross-section through the northern Broad Fourteens Basin and adjacent platforms (Fig. 3) .
The main structural elements (namely the graben boundary fault, the uplifted Zechstein Group in the basin centre, and the diapir at Shot Point 13,000), are incorporated in our simplified basin-scale geometry for fluid flow modelling. Our model represents the geometry at the last stage of inversion before peneplanation, and we assume that the uplifted Zechstein in the basin centre and the diapir were fully developed at this timing. The Upper Rotliegend Group and the sealing faults in the Rotliegend are not included in our model, because the freshwater lens is not expected to have fully penetrated the Zechstein Group. The model geometry therefore extends vertically from the top of the palaeo-topography into the Zechstein Group. The model geometry extends laterally from the south-west platform area at the left-hand side to the diapir at Shot Point 13,000 at the right-hand side. An estimate of topographic elevation above mean sea level during Late Cretaceous basin inversion can be used to give a constraint for our numerical model scenarios. Therefore, we reconstructed Late Cretaceous topography based on an analysis of uplift versus denudation rates. We assume Late Cretaceous inversion had the following characteristics: 1. the duration of the inversion period was 16 to 20 My; 2. a time lag of 3 My may have occurred before denudation became effective, based on general denudation data (Einsele, 1992) ; and 3. the total basin uplift was 1,300 to 3,000 m. Assuming the denudation rate balanced the uplift rate after the 3 My time lag, a minimum elevation of 200 to 600 m above mean sea level may have been reached in the uplifted basin centre. Assuming a constant uplift rate of about 65 m/My (a conservative estimate, based on a total uplift of 1,300 m and total inversion time of 20 My), and taking into account the humid temperate climate which prevailed during the Late Cretaceous, the maximum equilibrium elevation that can be reached in a large area, by a balance between uplift and denudation rates is about 750 to 1,000 m (Einsele, 1992) . The Late Cretaceous topography is therefore assumed to be 200-300 m above mean sea level, as a conservative estimate.
Meteoric water infiltration in the northern Broad Fourteens Basin
Tectonic phases are expected to have had a profound influence on the fluid composition, fluid pressure, and geothermal evolution of the northern Broad Fourteens Basin. In this study, we focus on the Late Cretaceous basin geometry and the hydrodynamic evolution shortly after this important inversion phase. (Huyghe & Mugnier, 1994) , about 89-67 My ago, erosion of basin centre and minor erosion of adjacent platform areas. Verweij et al. (2000 Verweij et al. ( , 2002 have presented results of 2D basin modelling of the southern Broad Fourteens Basin and show that the observed biodegradation and water-washed nature of Q1 oil reservoirs (Roelofsen & De Boer, 1991 ) is consistent with topography-driven meteoric water flow during Late Cretaceous inversion. These Early Cretaceous oil reservoirs of the Vlieland Sandstone Fm. are at present-day depths of about 1,250 to 1,350 m (Roelofsen & De Boer, 1991) . According to Roelofsen & De Boer (1991) the timing of oil emplacement is about 80 to 60 My ago. Roelofsen & De Boer (1991) show that degradation of oil reservoirs increases towards the axis of the Broad Fourteens Basin. This may indicate that the amount of meteoric water flow increased towards the centre of the basin. The Vlieland Sandstone Fm. is not present in the northern Broad Fourteens area. Nevertheless, the degradation of oil in the southern Broad Fourteens Basin indicates that meteoric water infiltration may also have occurred during inversion of the northern Broad Fourteens Basin.
Numerical model description
In order to constrain the extension of topography-driven meteoric water flow in the northern Broad Fourteens Basin during the Late Cretaceous inversion, a density-dependent fluid flow model is constructed in this study with the numerical modelling package MOCDENS3D (Oude Essink, 1999 , 2001 . The computer code is based on the three-dimensional computer code MOC3D (Konikow et al., 1996) , which is adapted for fluid density differences. The fluid flow equation is solved by the so-called MOD-FLOW module (McDonald & Harbaugh, 1988; Harbaugh & McDonald, 1996) . The advection-dispersion equation, which simulates the solute transport, is solved by the MOC module using the method of characteristics (Konikow et al., 1996) . In this method, advective transport of solutes is modelled by means of the method of particle tracking and dispersive transport by means of the finite difference method. MOCDENS3D takes into account hydrodynamic dispersion (the combination of mechanical dispersion and molecular diffusion), expressed through the conventional notation: Marsily, 1986) . The freshwater head φ f , which is introduced to take into account differences in density in the calculation of the head, is defined as:
], usually the density of fresh groundwater (without dissolved solids) at mean subsoil temperature, g is the gravity acceleration [L T
-2 ], and z is the elevation head [L] . A linear equation of state couples groundwater flow and solute transport:
The volumetric concentration expansion gradient β C is 1.34·10 -6 l/mg Cl -. The vertical Darcian velocity (specific discharge) now also takes into account a so-called buoyancy term to consider differences in density (Oude Essink, 2001) .
In general, thermohaline flow needs to be considered when evaporites are present in the model domain, because of fluid density effects caused by both high thermal conductivity and dissolution of evaporites. In the case of the northern Broad Fourteens Basin, thermal effects can most likely be neglected, and only density effects due to dissolution of evaporites are taken into account. Temperature effects on fluid density are counteracted by a moderate background salinity increase with depth of >25,000 ppm/km (Bjørlykke & Gran, 1994) , while drill stem tests of wells L10-06, L10-10 and L08-02 at the north-east platform adjacent to the Broad Fourteens area show much higher gradients (Bouw, 1999) . Temperature effects on density-driven flow were also neglected because of a lack of reliable data on temperature and salinity gradients in the basin centre and thermal conductivities of hydrogeological units.
The numerical model discretization is based on rectangular elements, with an estimated paleotopography of 200-300 m. The timing at t = 0 My is at the end of inversion, when the post-inversion geometry of the basin is obtained (Fig. 4) , and after an initial salinity distribution is generated (top left profiles in Figs. 5, 6 & 7) . The simplified post-inversion geometry is derived from the present-day cross-section by removing all post-inversion sediments and extending the (now eroded) pre-inversion strata upwards until the assumed height of the paleotopography is reached. (Fig. 4) . In between, the head decreases linear from maximal to mean sea level. See for exact head values the top left profiles at t=0 My in Figs 5, 6 & 7. Table 1 lists model characteristics and parameters based on literature and well-log data, such as lithology, porosity, hydraulic conductivity and anisotropy values. Note the two columns with different hydraulic conductivity values, namely one for the low permeability model and one for the high permeability models. The hydraulic conductivity values had to be adjusted somewhat due to numerical convergence problems. Therefore they should not be used as actual values for hydrogeological units. Porosity values in Table  1 do not necessarily represent present-day values. For example, chalk porosities were adjusted to realistic values, which can be found shortly after nanno ooze deposition, based on a general porosity-depth relationship for pelagic carbonates, after Einsele (1992) .
The total simulation time is 4 My, after 1 My simulation time to obtain an initial salinity distribution. The flow time step to recalculate the groundwater flow equation equals 500 years. The convergence criterion of the head in the fluid flow equation is equal to 10 -5 m. The longitudinal dispersivity is set equal to 10 m, while the ratio of transversal to longitudinal dispersivity is 0.1. Based on element size and work of Gelhar and co-authors (1992), we assume that these values are reasonable.
Model boundary conditions
Fluid composition
The chloride concentration of infiltrating meteoric water is set to 100 mg Cl/l. The fluid composition of lithostratigraphic units is set initially to 18,630 mg Cl/l (equal to seawater composition), except for the Zechstein Group. The fluid composition of the Zechstein Group is set to a fixed concentration of 218,920 mg Cl/l, which is equal to a brine with TDS of about 411,000 mg/l).This is a reasonable value if we assume that the composition of Zechstein fluids in the northern Broad Fourteens area is similar to the composition of Zechstein fluids in the Leman Field.The salinity of fluids within the Zechstein Group can be this high, because they are surrounded by a matrix of easily dissolving evaporites. Unlike the fluid composition of other lithostratigraphic units, the fluid composition of the Zechstein Group remains fixed to brine throughout the total simulation time.
To take into account an initial salinity distribution by mixing of fluids due to molecular diffusion only, the model has been simulated for a period of 1 My while the water table head at the top is 0 m MSL. No meteoric water flow was imposed during this period. After this initial simulation time of 1 My, molecular diffusion has caused an increase in salinity of the lithostratigraphic units directly above the Zechstein Group (top left profiles in Figs 5, 6 & 7) . The actual simulation of meteoric water flow starts after this period of 1 My with mixing due to diffusion only.
Upper model boundary
The elements above the model topography are confined, to increase the stability of the numerical model. The meteoric water inflow is modelled through a constant freshwater head along the entire upper boundary of the inverted basin. In scenarios Bre1 and Bre3 the freshwater head is set to 275 m in the basin centre, it declines smoothly towards the edges of the inverted basin. In scenario Bre2 the freshwater head is set to 137.5 m in the centre, again it declines smoothly towards the edges. An upper flux boundary is not considered to be an appropriate alternative, because it is unrealistic to force a flux into low-permeability strata and the Late Cretaceous effective rainfall is not well known. We consider the use of a freshwater head more appropriate than the use of an assumed value for effective rainfall, because the freshwater head is based on a more reliable assumption of the elevation of the ground surface, and meteoric water is not forced to enter the low permeable strata.
Lower model boundary
The lower no-flow boundary is chosen within the Zechstein Group. Arguments to justify this lower noflow condition are: 1. Zechstein salt has a low permeability; 2. its permeability is most likely unaffected by faulting due to its plasticity; and 3. the Zechstein Group is continuously present along the cross-section. The Upper Rotliegend and Limburg Group, stratigraphically situated below the Zechstein Group, have not been taken into account in the model geometry. We expect that they were not affected by the development of a freshwater lens. Instead, the Zechstein Group has been 'extended' downwards to get a rectangular lower model boundary, as this is a prerequisite for the numerical model.
Lateral boundaries
The lateral boundaries are modelled as hydrostatic pressure boundaries. At sea level (model depth = 0 m) the so-called freshwater head is chosen to be 0 m MSL. The freshwater head increases with depth, taking into account the density difference between fresh and salt water. At all lateral boundaries, the initial salinity distribution is used to determine the freshwater head. For instance, along the lower part of the right-hand side boundary, a Zechstein diapir is present with a fixed brine fluid composition.
Results of model scenarios
The results of model scenarios are sensitive to the chosen freshwater head and permeability values. The initial chloride concentration distribution shows that the Zechstein evaporites have a pronounced influence on the fluid concentration in adjacent hydrogeological units. Within a few hundreds to more than a thousand metres vertically above the Zechstein Group, fluid salinity is increased.This increased salinity above evaporites was predicted by analogous situations in the North Sea area. The fluid concentration distribution of the three different model scenarios is briefly discussed below.
Model scenarios Bre1 and Bre2 (high permeability) both show the development of a 'freshwater' lens, which reaches the Zechstein Group in the basin centre. In the high permeability model scenarios, the contour of the freshwater lens is determined mainly by the geometry and hydraulic characteristics of the Main Buntsandstein Subgroup (RBM, Fig. 4 ) and the Altena Group (AT, Fig. 4 ). Meteoric water infiltrates the Main Buntsandstein Subgroup left of the inverted basin centre (Figs 5 & 6) , independent of the freshwater head within the range we used. Both scenarios show that the dipping sandstones of the Main Buntsandstein Subgroup strongly channel fluid flow. Figs 5 & 6 show, after a simulation time of 4 My, a difference in salinity contours of the freshwater lens (blue area) at the right-hand side of the inverted basin centre.This difference in scenarios Bre1 and Bre2 can be explained by the fact that the permeability of the Altena and Upper Germanic Trias Groups is sufficiently low to prevent infiltration of water into the high permeability Main Buntsandstein Subgroup, if flow velocities and freshwater head are relatively low. Near steady state is reached within 1.5 My for sce-nario Bre1 (high freshwater head) and within 4 My for scenario Bre2 (low freshwater head). The fresh/salt water interface is located at a depth of about 1,200 m below mean sea level for scenario Bre1 and at 500 to 1,100 m for scenario Bre2.
Model scenario Bre3 (low permeability, high freshwater head) shows the development of a 'freshwater' lens with limited extent, which does not reach the Zechstein Group in the basin centre. The dipping sandstones of the Main Buntsandstein Subgroup have only a very limited influence on fluid flow (Fig.  7) . Near steady state is reached within 3 My. In scenario Bre3, the fresh/salt water interface is located at a depth of about 200 m below mean sea level.
Discussion
The model results can be considered as possible scenarios, taking into account that the actual basin geometry was more complex. The model does not include faults that may be either sealing or channelling fluid flow in certain directions. It neglects effects of reactivation of faults during basin inversion, which could include changes in basin-scale permeability and promotion of fluid flow along certain pathways. We neglected presence and reactivation of faults, because of a lack of data on timing of reactivation, the exact position and permeability of these faults. We are aware that these features could affect the fluid flow in the basin to some extent.
It seems that the permeabilities of the Vlieland Claystone Fm., the Altena Group, and the Upper Germanic Trias Group are crucial to determine whether the sandstone of the Main Buntsandstein Subgroup could have been flushed during Late Cretaceous inversion. The permeability of the Vlieland Claystone Fm. and Altena Group is not well studied, permeability values of our model are estimates based on general values of claystone permeability. The results do indicate that flushing of the Main Buntsandstein Subgroup can be substantial when meteoric water reaches the sandstone. Flushing of the Main Buntsandstein Subgroup is possible, with an assumed hydraulic conductivity of 1·10 -9 m/s for the Vlieland Claystone Fm. and Altena Group. Flushing of the Main Buntsandstein Subgroup no longer occurs, with an assumed hydraulic conductivity of 1·10 -11 and 5·10
-11 m/s for the Vlieland Claystone Fm. and Altena Group, respectively. Since the Altena Group is inverted, and therefore overcompacted, the hydraulic conductivity is expected to be low. The thickness of the low-permeability Vlieland Claystone Fm. and Altena Group is considerable, and therefore meteoric water cannot easily infiltrate.
Whether meteoric waters reaches the Zechstein Group in the basin centre during inversion also depends on the permeability of the Altena Group. This question is important, because meteoric water may have caused large amounts of subrosion of the Zechstein evaporites, and may have influenced the permeability of the Main Buntsandstein Subgroup by subsequent precipitation of dissolved minerals. During the Late Kimmerian II erosional phase, which is represented by the base Vlieland Claystone Fm. unconformity, significant parts of the Triassic strata were eroded in the basin and platform areas. Meteoric water flow through the Triassic strata must have been substantial during the period of Late Kimmerian II erosion. Isotopic analysis of diagenetic minerals in cores of the Main Buntsandstein Subgroup sandstones may give more constraints on the possible occurrence of meteoric water flushing during either the Late Kimmerian II phase or the Late Cretaceous inversion. Verweij & Simmelink (2002) give an overview of all relevant geochemical data that support fluid flow events in the Broad Fourteens area, but at present we know no published data that support meteoric flushing of the Main Buntsandstein Subgroup. Another possibility to constrain the extension of the freshwater lens is to perform a basin-scale study of the permeability of the Altena Group. In addition, constructing a more complex basin geometry, which includes permeability of faults, should contribute to an increased reliability of the modelling results.
Conclusions
An important phase in the development of the Broad Fourteens Basin is the Late Cretaceous Sub-Hercynian inversion, with erosion in the northern Broad Fourteens area of 1,300 -3,000 m in the basin centre, and 300 -500 m at the basin margins, and the development of at least five, possibly seven, erosional unconformities in the Ommelanden Fm. at the southwest platform area. During basin inversion, a freshwater lens was most likely developed, as supported by the biodegraded and water-washed nature of oils in the southern Broad Fourteens Basin. Model results show that fluid salinities are increased to a brine composition within a vertical distance of about 500 m of the Zechstein evaporites, as predicted from the analogy to salinity patterns in the Central Graben area. To constrain basin-scale hydrodynamic evolution, further research can be directed to basinscale permeability of the Altena Group, diagenetic minerals in the Main Buntsandstein Subgroup, or to present-day fluid composition of hydrogeological units in the Broad Fourteens area, compared to regional variation in fluid composition.
